Posterior Parietal Cortex -Anatomy
The Posterior Parietal Cortex (PPC) is positioned rostral to primary and secondary visual cortex and caudal to somatosensory cortex (Hyvarinen, 1982 , Reep et al., 1994 , Whitlock, 2014 sharing anatomical and functional homology across rodents and primates to human (Toga and Collins, 1981 , Miller and Vogt, 1984 , Kolb and Walkey, 1987 , Olsen and Witter, 2016 , Kastner et al., 2017 . Based on cytoarchitecture and anatomical connectivity, PPC can further be divided into various subregions across species (Wang et al., 2012 , Whitlock, 2014 , Wilber et al., 2014 , but specific functions of these subregions remain largely enigmatic. Classical lesion studies have implicated the PPC in a myriad of cognitive, multisensory, associative and sensorimotor functions (Holmes, 1918 , Bender and Teuber, 1947 , Denny-Brown et al., 1952 , Hyvarinen, 1982 . When cognitive performance is characterized for more specific behaviors, PPC contribution is particularly prominent during spatial navigation, perceptual decision making, attention, route planning/reaching, and multisensory integration (Platt and Glimcher, 1999 , Cui and Andersen, 2007 , Andersen and Cui, 2009 , Calton and Taube, 2009 , Harvey et al., 2012 , Hauschild et al., 2012 , Carandini and Churchland, 2013 , Olcese et al., 2013 . Not surprisingly therefore, a direct link between volume and neuronal activity of human PPC and intelligence has consistently been reported (Lee et al., 2006 , Luders et al., 2009 , Colom et al., 2010 .
In monkey, the posterior parietal lobe covers Brodmann area 5 and 7 (Hyvarinen, 1982 , Andersen et al., 1997 with its various subregions carefully documented by Kaas and collegues (Kaas et al., 2011) . In human, the posterior parietal lobe consists of Brodmann areas 5, 7, 39 and 40 accumulating to an impressive 150 cm 2 , covering a plethora of anatomical and functional subregions (Hyvarinen, 1982 , Orban, 2016 . In the adult mouse, PPC is located 2 mm posterior, 1.7 mm lateral to Bregma (Goard et al., 2016) and in adult rat, PPC is located at 3.5 -5 mm posterior from Bregma, also squeezed in between visual and somatosensory cortices and spreads ~5 mm in the medial-lateral direction from midline (Reep et al., 1994 , Torrealba and Valdes, 2008 , Whitlock, 2014 . Along the rostral-caudal axis of PPC, afferent inputs are homogeneous (Wilber et al., 2014) , but inputs from for instance thalamic nuclei or somatosensory cortex significantly differ along the medial-lateral axis of parietal cortex (Wilber et al., 2014) . Remarkably, a single tracing study on Fisher Brown Norway rats (Wilber et al., 2014) revealed that PPC receives inputs from more than 20 cortical regions and about 25 thalamic sub-nuclei. PPC in turn projects to over 25 cortical targets (Wang et al., 2012) . Thus, PPC is embedded into an intricate cortical network that clearly contains both sensory and motor areas.
Rodent PPC connects to both whisker sensory and motor cortices
As a result of the extensive anatomical interconnectivity, PPC is involved in a broad spectrum of cognitive, multisensory, associative and sensorimotor behaviors (Platt and Glimcher, 1999 , Cui and Andersen, 2007 , Bucci, 2009 , Calton and Taube, 2009 , Broussard, 2012 , Harvey et al., 2012 , Olcese et al., 2013 , Goard et al., 2016 , Licata et al., 2017 . During these behaviors, information from visual, somatosensory and auditory cortices, prefrontal, motor, and retrosplenial cortex in addition to lateral (association) and posterior thalamic nuclei are potentially integrated in PPC (Reep et al., 1994 , Broussard, 2012 , Wilber et al., 2014 . For a relatively small region to be involved in such a broad behavioral repertoire suggests that PPC probably shifts its function depending on the computational need. During whisker based tactile exploration for instance, sensory and motor areas are highly active and these cortical codes have to be merged for haptic perception. Sensorimotor integration occurs on the level of S1 and M1 (Mao et al., 2011 , Chen et al., 2013 , Lee et al., 2013 , Khateb et al., 2017 , although it remains to be determined whether S1 and M1 interplay is sufficient to execute goal-directed behavior. An alternative option is the existence of a dedicated cortical circuit to perform sensorimotor integration and orchestration of goal-directed behavior.
Here, we propose PPC as an appealing site for sensorimotor integration during active tactile exploration. This is motivated by three observations: 1) PPC is embedded in an intricate cortical network and is reciprocally connected to M1 and S1.
2) PPC is an associative area and receives direct input from sensory, vestibular, thalamic and motor areas. Sensorimotor integration in addition to an egocentric reference frame may be crucial for goaldirected behavior.
3) PPC injury leads to deficits in sensorimotor function.
The S1-M1-PPC circuitry
To appreciate the potential for sensorimotor integration in the S1-M1-PPC circuitry, it is crucial to dissect the anatomical pathways and the type of information carried between areas. The rat whisker motor cortex can be categorized into subregions (Brecht et al., 2004) including sensory-input and motor-output areas (Smith and Alloway, 2013) . The sensory-input zone is the transition zone (TZ) between the medial agranular (AGm) and lateral agranular (AGl) subregions of M1 (Smith and Alloway, 2013) . AGm is considered the motor-output area. The projections from primary somatosensory (barrel) cortex to M1 target predominantly the sensory-input zone of vibrissal primary motor cortex (M1) and additionally, M1 to S1
projections show layer-specific reciprocal connectivity (Mao et al., 2011) . S1
neurons target M1-TZ neurons in layers 2/3 and 5A and these very same neurons project back to S1. In contrast, L5B and L6 in M1 receive only weak input from S1. These pyramidal tract neurons project to motor centers in the brainstem and/or facial nucleus and thus carry little sensory information (Mao et al., 2011, Smith and Alloway, 2013) . Microstimulation of AGm effectively results in whisker movements compared to the sensory-input zone, whereas peripheral whisker stimulation resulted in stronger activation of the sensoryinput zone compared to the motor output area (Smith and Alloway, 2013 ).
The PPC also shows strong reciprocal connectivity with M1 regions of the rat brain. Unlike S1, the projections from PPC terminate predominantly in the caudal part of AGm, the aforementioned motor-output area (Smith and Alloway, 2013) . Cytoarchitectural analysis of the caudal AGm reveals a prominent layer 5 and a relatively narrow layer 2 and 3 (Brecht et al., 2004, Smith and Alloway, 2013) , indicating that the PPC-M1 projection predominantly targets pyramidal tract neurons in the motor output area. In turn, M1 (and M2) reciprocal projections to PPC have been documented, but regional or cell-type specificity has yet to be determined (Wilber et al., 2014) .
Dense reciprocal projections also exist between S1 and PPC (Lee et al., 2011 , Wang et al., 2012 . S1 is typically compartmentalized into barrel and septum columns (Feldmeyer et al., 2013) , each part of anatomically and functionally well-defined pathways. Barrel columns receive dense innervation from the ventral posteromedial nucleus (VPM) nucleus of the thalamus. They are part of the lemniscal pathway, which is traditionally considered to carry exafferent sensory information (Feldmeyer et al., 2013) . The septum columns on the other hand, receive innervation from the posteromedial nucleus (POm) of the thalamus. They are part of the paralemniscal pathway, which is thought to convey motion-related information (Ahissar et al., 2000 , Yu et al., 2006 (but see , Urbain et al., 2015 ). Using the septum/barrel landmarks in S1 to study projection pathways, the majority of PPC projecting neurons from S1 are located within the septum and barrel edges and originate in layers 2/3 and 5. In contrast, S1 barrel columns contain a low density of neurons projecting to PPC. Interestingly, M1 projecting neurons are also predominantly located in septum and barrel edge regions (Alloway et al., 2004 ). This could imply that S1 septal regions represent an intermediate stage of the PoM -S1 septum -PPC/M1 (paralemniscal) pathways. Finally, the density of PPC projecting neurons in S1 decreases along the posterioranterior axis (Lee et al., 2011) suggesting that somatosensory information processed in PPC is tuned to the caudal macro-vibrissae.
In summary, overwhelming evidence from tracing studies on PPC, S1 and M1 interconnectivity puts PPC in a central position as potential integrative hub for merging signals from motor and sensory areas.
Posterior Parietal Cortex -Function
The PPC is a classical association area, where information from various sensory modalities converges (Mountcastle et al., 1975 , Olcese et al., 2013 , Wilber et al., 2014 , Licata et al., 2017 , Zhuang et al., 2017 . It receives neuromodulatory input of the basal forebrain cholinergic system (Broussard, 2012) and is integral to the fronto-parietal network from which cognitive demands emerge such as attention, evidence accumulation and decisionmaking (Platt and Glimcher, 1999 , Buschman and Miller, 2007 , Andersen and Cui, 2009 , Gottlieb et al., 2009 , Hanks et al., 2015 , Goard et al., 2016 .
Finally, PPC receives input from thalamic regions different from those projecting to sensory cortices, mainly from lateral dorsal, lateral posterior and posterior nuclei (Kolb and Walkey, 1987 , Reep et al., 1994 , Reep and Corwin, 2009 ). It is therefore impossible to attribute PPC to one exclusive computational task. This is also reflected in early studies on human patients suffering from lesions to PPC since a multitude of sensorimotor and cognitive deficits are found after PPC dysfunction (Holmes, 1918 , Hyvarinen, 1982 . For instance, PPC lesions in humans result in visual disorientation, disorders of spatial perception, error in eye movements, inability in reaching targets, deficits in attentions to contralateral visual space, and additional cognitive deficits such as dyscalculia (Holmes, 1918 , Bender and Teuber, 1947 , DennyBrown et al., 1952 , Hyvarinen, 1982 . Research on monkeys with lesioned parietal association area shows presence of similar dysfunctions such as visuospatial disorientation, defective eye movements, mis-reaching and contralateral neglect (Hyvarinen, 1982) . Thus, PPC in monkey and human can be considered part of a cortical network that contributes to a multitude of sensory, motor and cognitive functions with its dysfunction leading to a large spectrum of sensorimotor and cognitive disorders.
Lesions of rat PPC also result in a variety of functional deficits, which closely resemble the loss-of-function observed after PPC injury in monkey and human. This does not only include neglect (Burcham et al., 1997) but also impaired allocentric processing (King and Corwin, 1992) , spatial orientation/navigation (King and Corwin, 1993) , attentional shifting (Fox et al., 2003) , integration of visual and somatic cues (Pinto-Hamuy et al., 1987) , and foraging behavior (Espina-Marchant et al., 2006) . More recently, optogenetic manipulation of neuronal activity was used to uncover PPC contribution to sensory-guided decision-making. As a consequence, it was shown that PPC does not underlie tactile decisions in mice (Guo et al., 2014) or auditory decisions in rat (Licata et al., 2017) , but visual decisions in mice and rats are significantly impaired after disrupting PPC function (Goard et al., 2016 , Licata et al., 2017 . The sensory modality on which the behavioral task relies therefore appears to be a crucial parameter for the interpretation of PPC function in combination with optogenetic intervention. In addition, it has been suggested that PPC may only be recruited during challenging task conditions; causal involvement of PPC could only become apparent when higher-level sensory features have to be translated into motor actions (Goard et al., 2016) . This is almost certainly the case for tactile decisions considering the compelling structural and functional evidence for tactile processing in PPC (Lee et al., 2011 , Olcese et al., 2013 . A speculative hypothesis could be that PPC is required for initial learning phases of the task when sensory information has to be associated with other relevant information. Upon learning, PPC may become less relevant for task performance and attention is to be focused on the (primary) sensory information. The 1) importance of the sensory modality for recruiting PPC during sensory-based decision-making (Guo et al., 2014 , Goard et al., 2016 , Licata et al., 2017 , 2) potential correlation between PPC recruitment and task difficulty, and 3) learning phase of the task indicate that it will be extremely important to target future research to uncover the task conditions during which PPC is maximally needed for appropriate behavior.
In summary, evidence has accumulated across behavioral paradigms and species to support the view that PPC critically contributes to sensorimotor integration and is involved in multiple dimensions of information processing ranging from multisensory integration to navigation, attention and emergence of spatial coordinate frames (Chen et al., 1994 , Andersen et al., 1997 , Bucci, 2009 , Carandini and Churchland, 2013 , Whitlock, 2014 , Goard et al., 2016 .
The computational mechanisms that allow integration of multiple information
streams have yet to be disentangled and it is not yet clear which PPC circuit components underlie different behaviors (i.e. layers and/or cell-types). The high level of convergence of cortical and sub-cortical pathways certainly puts PPC in the optimal position to perform sophisticated coding. Since PPC is part of the fronto-parietal network, is seems the integrative computations can be further facilitated by top-down modulation for optimal stimulus selection in addition to cholinergic and noradrenergic neuromodulation to increase (sustained) attention and/or stimulus representation (Broussard, 2012) .
Posterior Parietal Cortex as hub for sensorimotor integration
It would be naïve though to push the idea that PPC is the only brain region where sensorimotor integration could be processed. For instance, sensory information arrives in S1 through the trigemino-thalamo-cortical pathways.
Once distributed over the multi-layered S1 column, sensory information can readily spread over a large number of cortical and subcortical areas, including motor regions. This includes M1, superior colliculus, striatum, Pons, PPC, dysgranular zone, secondary somatosensory cortex (S2), Tectum, VPM and POm. In addition, whisker motion is not orchestrated by a single nucleus, but includes M1, superior colliculus, facial nucleus, basal ganglia and cerebellum (Diamond et al., 2008 , Moore et al., 2014 . One synapse downstream of the sensory or motor circuitries, a multitude of potential sites have to be considered for sensorimotor (whisker) integration.
The information across sensory modalities is coded in quite different coordinate frames, which need to be translated to an unified representation of space if they are going to be used in concert during behavior. In addition to the extensive connectivity of PPC to the S1 and M1 circuitries, PPC is also well connected to other sensory cortices and it is known for its multisensory processing properties (Olcese et al., 2013 , Song et al., 2017 . The combined information from visual, somatosensory, auditory and vestibular modalities ultimately leads to a (egocentric or allocentric) reference frame that can be exploited to build reference maps during spatial navigation (Andersen et al., 1997) . As a multimodal hub it is therefore not surprising that rat PPC is involved in memory-guided spatial navigation (Harvey et al., 2012) and that PPC orchestrates hand reaching behavior in monkeys (Gail and Andersen, 2006 ). If we then consider active whisking the homologue of explorative reaching (with the whiskers), the promising hypothesis is that the PPC network might be causally involved in innate and goal-directed whisking. This hypothesis can readily be tested in awake behaving rodents performing a whisker-dependent discrimination or detection task (O'Connor et al., 2010 , Petreanu et al., 2012 , Sachidhanandam et al., 2016 , or alternatively during naïve exploration of the environment consisting of whisking in air and/or object touches (Curtis and Kleinfeld, 2009 , de Kock and Sakmann, 2009 . To further our understanding, it will be crucial to create the experimental conditions that maximize the computational demand from PPC since mice do not seem to rely on PPC function after completing the learning phase of tactile decision-making (Guo et al., 2014) . The relevant conditions to consider may involve decisions on head-fixed versus freely moving animals, single versus multi-whisker information available, learning/execution phases of the task and/or the use of simple or complex objects for tactile decisions. In view of the high level of somatotopy in the trigemo-thalamo-cortical pathway, it will be equally important to uncover the existence of PPC somatotopy along the medial-lateral and rostral-caudal axes to target the appropriate neural circuit when studying whisker-specific sensory processing in PPC.
BOX 1: Potential targets for future PPC research to uncover its function during whisker-guided sensorimotor processing.
Uncover the PPC circuitry components (layers and cell-types) that contribute to different behaviors (sensorimotor integration, decision making, spatial navigation, attention, route planning/reaching, multisensory integration).
Disentangle input/output computations for individual cell-types during welldefined behavior.
Whisker sensorimotor performance: quantify receptive field structure and somatotopy across PPC layers.
Whisker sensorimotor performance: determine the tactile conditions under which PPC maximally contributes to behavior.
Determine whether whisker-guided sensorimotor processing and additional cognitive behaviors involve segregated PPC networks.
In summary, PPC reciprocally connects to both M1 and S1. Sensory and motor pathways thus converge in PPC during active tactile processing (Figs   1,2) . The combination of multisensory and motor convergence leads to a spatial reference frame, which may be crucial for appropriate innate and goaldirected action, potentially orchestrated in PPC. The rodent whisker system is an ideal system to fill the gap in our understanding of sensorimotor integration, since rat PPC is a relatively small, well-defined cortical region for which the in-and output projections are well characterized. The next step would be to disentangle the link between structure and function of individual or populations of neurons in the PPC microcircuit and reveal the cell-type specific architecture of input/output projections at (sub)cellular resolution and extract layer-and cell-type specific input/output functions that are used during whisker-guided behavior. Optogenetic intervention on the level of identified cell-types would then allow to readout the causal link between cell-type specific function, sensorimotor integration and goal-directed performance.
With these steps completed, the cortical code in PPC may be uncovered which can help significantly towards creating algorithms to decode sensory feedback and motor intention from neuronal activity in PPC. These algorithms will be highly instrumental for the optimal application of brain-machineinterfaces and voluntary control over neuro-prosthetic devices (Hauschild et al., 2012, Bensmaia and Miller, 2014) . Projections from M1 to S1 predominantly terminate in S1 septal regions (70%) and to a lesser extend in barrel columns of S1 (30%). A similar level of detail on connection strength is not available for other components of the wiring diagram.
